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SUMMARY 


Sampling  results  on  S'jlfur,  boron  and  iron  species  in  flames  are 
reported.  Aerodynamic  molecular  beam  velocities  were  measured  by  a  simple 
phase-shift  method  for  Ar-He  and  Ar-N2  mixtures.  Nucleation  phenomena  in  such 
beams  are  reported  for  wet  and  dry  argon  and  for  Ar-Kr  mixtures.  The  effect 
of  pressure  and  orifice  size  on  argon  dimer  concentration  is  given.  Evidence 
exists  of  substantial  knock-on  effects  involving  the  large  water  background 
present  in  the  sampling  system. 


I.  INTRODUCTION 


A  summary  of  our  sampling  tests  on  free  radicals  and  noncondensable 
speciv’s  has  been  written  for  publicationi/  and  will  be  distributed  as  a  topical 
report.  Some  anomalies  ^;ith  sulfur  species  have  been  resolved  and  a  few  ex¬ 
periments  with  BCI3  and  Fe(CO)5  in  H2-O2  flames  have  also  been  carried  out. 

During  the  past  quarterly  period  we  interrupted  our  attack  on  the 
problems  of  sampling  highly  condensable  species  to  obtain  some  data  of  more 
general  Interest  to  high  pressure  sampling.  The  studies  consisted  of  time-of- 
flight  beam  velocity  analyses  and  further  studies  on  nucleation.  This  effort 
was  partly  motivated  by  the  occurrence  of  a  smeill  informal  conference  on  direct, 
high-pressure  sampling  held  May  6  and  7  at  Midwest  Research  Institute.  Ab¬ 
stracts  of  the  papers  presented  and  a  list  of  attendees  will  be  available  in 
J\ine  to  Interested  persons. 


II.  SPECIES  D1  ONE  ATMOSPHERE  FLAMES 


Ine  studies  of  sulfur  containing  species  in  rich  and  lean  H2-O2 
flames  were  repeated  more  carefully  and  the  anomalies  mentioned  in  the  Thir¬ 
teenth  Quarterly?/  were  not  observed.  When  a  fe\.'  per  cent  of  either  H2S  or 
SO2  vms  added  to  a  rich  5-1  H2"02  fl^oe,  virtually  identical  species  profiles 
were  obtained,  as  shown  in  Fig.  1.  Note  the  very  high,  initial  concentrations 
of  SO,  S  and  SO2  and  the  late  appearance  of  SH  and  SHg.  Further  study  of  this 
system  would  provide  a  useful  test  of  quenching  in  a  complex  case  \?here  a  nuni- 
ber  of  species  of  well  known  thermodynamics  are  involved.  Also  ne\^  insight 
into  the  mechanism  of  combustion  of  sulfur  compounds  inight  be  obtained.  V/e 
have  deferred  further  studies  on  this  system,  however,  in  favor  of  work  with 
highly  condensable  species. 

In  a  lean  2-4  II2-O2  flame  with  either  SC2  or  H2S  added,  the  SoJ/SO^ 
ratio  v;as  nearly  constant  through  the  flame  and  only  slightly  lower  than  for 
cold,  pure  SC^.  This  agrees  t/ith  equilibrium  calculations  that  show  that  SO2 
Is  the  major  species.  It  may  be  that  \?ith  more  careful  study  of  appearance 
potentials  and  fragmentation  patterns,  one  can  shed  light  on  the  postulated 
existence  of  an  isomer  of  S02>^  with  a  peroxide  bonding,  believed  to  be 
formed  in  the  early  stages  of  the  combustion  of  sulfur  compounds . 

Several  more  attempts  were  made  to  see  Fe  or  FeO  in  a  CO-O2  flame 
to  which  Fe(C0)5  had  been  added.  During  one  run,  there  seemed  to  be  a  clear 
increase  in  the  72'^  peak  (FeO^)  upon  adding  Fe(C0)5  to  the  flame.  However, 
subsequent  tests  were  negative.  It  is  apparent  that  simpler,  better  knovm 
metal  systems  must  be  used  to  unravel  the  difficulties  in  such  sampling. 
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The  prev:'.ously  reported  obsenfation  of  0,  HCl  and  HBOg^  when  BCI3 
is  added  to  a  H2-O2  flame,  was  confirmed  by  adding  0.1  per  cent  301.3  to  a  lean 
2-4  H2-0^  flame.  The  HBO2  species  was  observed  with  an  intensity  which  was 
within  a  factor  of  two  of  that  predicted,  thus  indicating  quantitative  sampling 
However,  several  disturbing  features  v/ere  noted.  In  such  systems,  condensate 
does  not  form  initially  on  the  hottest  portion  of  the  sampling  orifice,  i 
deposit  of  oxide- hydroxide  does  build  up  on  the  cooler  portion  of  the  orifice 
and  gradually  encroaches  on  the  region  in  front  of  the  orifice.  After  an  hour 
or  more,  the  orifice  may  become  completely  covered  with  a  porous  sphere  of 
oxide.  Often  a  substantial  molecular  oxygen  beam  will  still  be  present  in  this 
partially  plugged  condition  even  though  there  remains  no  line  of  sight  path 
into  the  mass  spectrometer.  Furthermore,  after  many  hours  of  sampling,  a  thick 
loose  deposit  has  been  observed  to  build  up  on  the  inside  of  the  sampling  ori¬ 
fice  cone,  threatening  to  interrupt  line  of  sight  access  even  if  the  exterior 
of  the  cone  is  periodically  cleaned. 

One  obvious  approach  to  the  alleviation  of  these  problems  is  to  work 
:rith  smaller  concentrations  of  metal.  Vfe  had  not  yet  availed  ourselves  of  the 
reported  advantages  of  the  "Studler"!/  mode  of  operation  of  the  Bendix.  Con¬ 
sequently  this  mode  i;as  activated  in  our  instrument  by  minor  changes  and  an 
immediate  gain  in  beam-ion  intensity  of  a  factor  of  20  was  obtained,  with  no 
adjustment  of  ion  source  magnets.  It  is  hoped  that  further  gains  can  be 
achieved,  thus  allowing  us  to  use  smaller  quantities  of  metal  additives  for  a 
given  signal-to-noise  ratio. 


III.  VFLOCITY  MEASURS4ENTS  OF  SUPERSONIC  MOLECULAR  BEAMS 


A  mass  spectrometer  with  an  electron  bombardment  ion  source  measures 
molecular  densities.  Consequently,  when  used  as  a  molecular  beam  detector  a 
mass  spectrometer  gives  a  total  signal  which  is  dependent  on  the  velocity  dis¬ 
tribution  as  well  as  on  the  flux  of  the  species  being  studied.  If  the  beam  is 
formed  from  an  effusive  source,  the  effect  of  flux  and  velocity  will  cancel. §/ 
In  a  supersonic  molecular  beam,  however,  the  concentration  of  a  particular 
species  in  the  beam  is  not  directly  related  to  its  ultimate  velocity  distribu¬ 
tion,  and  an  assumption  about  the  velocity  distributions  of  various  species  is 
required.  In  the  past  work  on  this  project  we  have  assumed  that  all  species  in 
the  beam  have  the  same  velocity  distribution.  This  assumption  could  result  in 
an  appreciable  error  for  specie.^  with  large  differences  in  mass.  Consequently, 
we  desired  to  meaciire  component  velocities  directly  in  our  sampling  system. 

The  "lock-in"  amplifiers,  which  have  been  incorporated  into  the 
modulated  beam  system,  provide  a  simple  means  of  measuring  the  most  probable 
velocity  of  a  beam  component  by  the  time -of- flight  method.  The  apparatus  used 
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Is  shown  schematically  In  Fig.  2.  The  beam  chopper  consists  of  a  disk,  con¬ 
taining  18  radial  slots,  \:hich  is  mounted  on  a  synchronous  motor  operating  at 
3,600  rpm.  The  beam  v/as  chopped  immediately  in  front  of  the  skimmer.  The 
orifice-to-skimmer  distance  was  kept  very  large  to  insu;  that  the  chopper 
wheel  was  in  a  molecular  flow  region.  The  reference  8ign«.’.  was  generated  by 
a  light  beam  which  was  interrupted  by  the  opposite  side  of  the  chopper  vrheel 
before  being  detected  by  a  photodiode.  The  reference  signal  fiom  the  photo¬ 
diode  and  the  mass  spectri  meter  signal  were  Introduced  into  Princeton  Applied 
Research  Models  JB4  and  JB5  lock-in  amplifiers.  V/ithin  these  units  the  refer¬ 
ence  and  mass  spectrometer  signals  were  amplified  by  narrow  band  amplifiers, 
the  reference  signal  v/as  then  passed  through  a  variable  phase  shifter  and  both 
signals  were  Introduced  into  a  phase  sensitive  detector.  The  output  of  the 
phase  sensitive  detector  was  then  amplified  and  Integrated.  The  output  of  the 
PAR  amplifiers  \7as  read  from  strip  chart  recorders.  The  shift  of  the  reference 
signal  phase  was  measured  by  e  AD- YU  Type  405H  Precision  Phase  meter. 

The  Intensity  of  a  particular  beam  component  was  plotted  against 
phase  shift,  and  the  maximum  in  the  curve  determined  by  the  method  of  recti¬ 
linear  diameters.  At  this  maximum,  the  signals  produced  by  the  reference  and 
the  mass  spectrometer  are  in  phase.  Since  the  angle  betvfeen  the  light  and 
molecular  beams  was  not  sufficiently  well  knovm  to  allow  the  absolute  phase 
shift  to  be  determined  from  first  principles,  it  was  necessary  to  calibrate 
the  system  against  a  1  atm.  argon  b^^m  under  the  assumption  that  the  argon 
beam  had  reached  its  maximum  velocity  (the  velocity  as  M — >®). 

The  most  probable  velocity  of  argon  beams  formed  from  several  dif¬ 
ferent  source  pressures  are  given  in  Pig.  3,  from  which  it  can  be  inferred  that 
an  argon  beam  formed  from  1  atm.  with  a  0.002  in.  orifice  has  very  nearly 
reached  its  limiting  velocity.  This  result  is  consistent  with  the  expression 
of  Fenn,§/  which  predicts  a  terminal  Mach  number  of  10-12  under  these  condi¬ 
tions.  All  subsequent  measurements  were  then  made  with  respect  to  a  1  atm. 
argon  beam. 

The  measured  velocities  for  the  components  of  several  He-AR  and 
K2-Ar  beams  are  given  in  Figs.  4  and  5.  The  solid  line  gives  the  maximum 
stream  velocities  mlculated  as  a  function  of  gas  composition.  The  observed 
velocities  are  believed  to  be  accurate  to  i3  per  cent;  velocity  differences 
for  a  particular  mixture  should  be  considerably  more  accurate.  These  results 
are  not  corrected  for  the  small  effect  the  velocity  distribution  has  in  shift¬ 
ing  the  observed  maximum  velocity  from  the  true  beam  maximum  velocity. 

For  the  Ar-N2  mixtures  the  velocity  differences  betv/een  the  two 
components  is  small  over  the  entire  composition  range,  and  can  be  neglected 
for  most  sampling  applications.  In  the  helium  rich  Ile-Ar  mixtures,  on  the 
other  hand,  the  argon  lags  the  He  by  about  7  per  cent,  which  would  ..ause  an 
appreciable  error  in  come  applications  although  not  in  our  flame  work. 


Fig.  2  -  Molecular  Beam  Time-of- Flight  Apparatus 
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THEORY 


Fig.  4  -  Measured  Velocities  in  N2-Ar  Supersonic  Beams.  The  theoretical  line 
gives  the  maximum  velocity  calculated  for  the  mixture.  A  0.002 
in.  orifice  and  1  atm.  total  source  pressure  were  used. 
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PER  CENT  He 

Fig.  5  -  Measured  Velocities  in  He-Ar  Supersonic  Beams.  The  theoretical  line 
gives  the  maxiiman  velocity  calculated  for  the  mixture.  A  0.002 
in.  orifice  and  1  atm.  total  source  nressure  were  used. 


IV.  FURTHER  HUCLEATIOH  STITDIES 


The  nucleation  phenomena  observed  in  hieh  pressure  beam  formation, 
and  reported  earlierlj§/  may  present  serious  limitations  in  sampling.  One  of 
the  least  ambiguous  ways  of  distinguishing  ei^uilibrium  species  from  those 
formed  by  nucleation  during  expansion  may  be  the  observations  of  cluster  con¬ 
centration  versus  pressure  and  orifice  size.  During  the  past  quarter  v/e  tested 
this  dependence  at  several  pressures  for  orifices  ranging  from  0.0005  in.  to 
0.012  in.  diameter. 

A  great  deal  of  data  was  gathered  on  cluster  concentration  in  pure 
argon.  Scattering  experiments  in  each  stage  were  carried  out  to  observe  the 
effect  on  cluster  distribution.  The  approximate  pressure  dependence  of  cluster 
concentration  is  shown  in  Fig.  6  for  a  0.004  in.  aiameter  orifice.  One  feature 
worth  pointing  out  and  which  typifies  the  wealth  of  information  which  such 
studies  may  eventually  give  on  the  kinetics  and  free  energies  of  clusters  is 
the  anom£.lously  low  value  of  the  Ar^g  peak  (mass  800).  The  other  features  of 
the  5-atm.  distribution  may  be  statistical  in  natui’e  but  the  dip  of  BOO"^  be¬ 
tween  760'*’  and  SAO'*'  was  established  repeatedly.  Is  this  a  property  of  the 
GOO'*'  ion?  The  free  energy  of  the  Argg  neutral?  Or  kinetics? 

When  orifice  size  is  increased  over  a  certain  range  at  sufficiently 
high  pressure,  the  T-P  history  of  the  expansion  is  simply  lengthened  with 
virtually  the  same  final  state  achieved.  The  resulting  effect  on  monomer-to- 
dlmer  ratio,  at  several  pressures,  is  shown  in  Fig.  7.  The  value  of  40''’/e0'*' 
at  zero  orifice  size  should  be  close  to  the  equilibrium  value,  and  indeed, 
agrees  quite  well  with  Hirschfelder ' si/  calctilations  of  equilibrium  dimer  con¬ 
centration  from  second  virial  coefficients.  This  data  and  much  more  which  is 
not  presented  here  will  be  analyzed  for  its  kinetic,  thermodynamic  and  sampling 
implicaticns. 

Clusters  containing  more  than  one  kind  of  species  were  observed  on 
several  occasions.  In  some  early  experiments  with  5  atm.  argon  a  wet  rubber 
hose  was  used  to  introduce  the  argon.  Under  this  circumstance  an  extensive 
series  of  pure  water  clusters  were  observed.  Several  mixed  clusters  \rere  also 
seen  although  greatly  reduced  in  concentration,  as  shown  in  Table  I.  In  later 
runs  v/ith  a  dry  rubber  hose  inlet,  another  series  of  species  were  readily  dis¬ 
cernible.  These  species  consisted  of  clusters  of  argon  atoms  containing  one 
HgO  each,  (Arx'HgO)'*'.  An  Ar-Kr  mixtiure  at  5  atm.  gave  comparable  quantities 
of  ATg,  ArKr'*'  and  Kr^.  This  result  v/ould  be  expected  on  either  kinetic  or 
equilibrium  grounds. 
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INTENSITY 


Fig.  6  -  Cluster  Distribution  in  Argon  at  Several  Pressures, 
Sampled  Through  a  0.004  In.  Diameter  Orifice 


-  11  - 


Mini  I  I  I — mill  I  I  I — fnirri  \  i — ttttt 


&/\ 


ORIFICE  DIAMETER  (INCHES  X  10^) 


Fig.  7  -  Effect  of  Orifice  Size  on  ^^rgon  Dimer  Concentration 
at  Several  Source  PressureB  of  Pure  Argon 
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TABLE  1 


CLUSTERS  OBSER’i/ED  IK  SAMPLING  ^VET  ARGON  AT  5  AM. 
THROUGH  A  0.002  IN.  DIAMETER  ORIFICE 


X 

(Ar)x 

(H20)x 

H20-(Ar)x.i 

iir*(H20)x-l 

1 

100 

0.40 

0.40 

100 

2 

4.1 

0.63 

0.15 

0.15 

3 

0.81 

0.81 

0.042 

J.049 

4 

0.27 

0.52 

0.016 

5 

0.14 

0.31 

In  the  course  of  this  \;ork  a  fairly  definite  knock-on  effect  was 
seen  with  background  water.  Very  dry  tank  argon  was  Introduced  through  dry 
copper  lines  at  1  -  5  atm.  A  substantial  water  beam  was  seen  as  well  as  a  19‘*' 
beam  peak  due  to  water  dimer.  These  peaks  both  became  much  less  at  1  atm. 
relative  to  Ar,  indicating  a  knock-on  phenomena  similar  to  that  seen  by  Nutt.i£/ 
It  also  appears  that  the  knock-on  water  can  nucleate  in  subsequent  collisions. 
Further  details  of  the  nucleatlon  work  plus  an  interpretation  of  some  of  the 
observations  will  be  the  subject  of  a  forthcoming  paper. 


V.  FUTURE  V?0RK 


Once  again  our  attention  turns  fully  to  the  problem  of  sampling 
highly  condensable  species  in  flames  so  that  ve  can  get  onto  a  number  of 
interesting  thermodynamic  studies.  The  line  of  attack  will  be  to  try  to  de¬ 
termine  the  relative  Importance  of  flame-probe  interaction  versus  nucleatlon 
in  limiting  the  sampling  of  condensable  species.  Further  improvements  in 
signal/noise  ratio  with  the  "Studier"  mode  will  be  sought  first.  The  elements 
B,  Fe,  Si  and  Ti  will  be  introduced  into  flames  of  appropriate  temperature  and 
environment  for  test  purposes. 
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